The feedbacks of climate variability on CO 2 consumption fluxes and carbon dynamics are thought to play an important role in moderating the global carbon cycle. High-frequency sampling campaigns and analyses were conducted in this study to investigate temporal variations of river water chemistry and the impacts of climate variability on CO 2 consumption fluxes and carbon dynamics for the Xijiang River, Southwest China. Physical processes modify biogeochemical processes, so major ions display different responses to changing discharge. The annual CO 2 consumption rate is (6.8 ± 0.2) × 10 6 ton/year by carbonate weathering and (2.4 ± 0.3) × 10 6 ton/year by silicate weathering. The annual CO 2 consumption flux is much higher than most world rivers, and strong CO 2 consumption capacities are observed in catchments in Southwest China. Lower negative δ 13 C DIC values are found in the high-flow season which corresponds with high temperatures compared to those in the low-flow season. High discharge will accelerate material transport, and high temperatures will increase primary production in the catchment, both of which can be responsible for the shift of δ 13 C DIC values in the high-flow season. Increased mineral weathering and biological carbon influx in the catchment are the main factors controlling carbon dynamics. Overall, these findings highlight the sensitivity of CO 2 consumption fluxes and carbon dynamics in response to climate variability in the riverine systems.
Hydrological processes are major drivers that govern solute transport and carbon cycling through runoff generation processes that affect biogeochemical reactions (Cai et al., 2008; Kirchner & Neal, 2013; Maher & Chamberlain, 2014) . For instance, previous studies have shown that concentration-discharge relationships can be useful in understanding solute transport (Basu et al., 2010; Burt et al., 2015; Godsey et al., 2009; Lloyd et al., 2016) , source mixing (Calmels et al., 2011; Torres et al., 2016) , and underlying biogeochemical reactions at catchment scales (Clow & Mast, 2010; Szramek et al., 2007; Torres et al., 2015; Zhong, Li, Tao, Ding, et al., 2017; Zhong, Li, Tao, Yue, et al., 2017) . Temperature variability is another important factor affecting carbon cycles in river catchments. It is generally agreed that the rate of primary mineral dissolution is enhanced by increasing temperature (Goudie & Viles, 2012; Li et al., 2016) , and associated microbial activities and chemical reactions are also highly affected by temperature variability (Liu & Xing, 2012) . As such, temporal variations in solute chemistry in river water can reflect changes in related biogeochemical processes (Maher & Chamberlain, 2014; Musolff et al., 2017; Rue et al., 2017; Torres et al., 2015; Zhang et al., 2016) . Numerous studies have highlighted the importance of temporal variations in major ions and chemical weathering at catchment scales, which are related to geological characteristics, geomorphology, hydrology, and human activities (Burt et al., 2015; Raymond et al., 2008; Tipper et al., 2006; Torres et al., 2015; Voss et al., 2014) . As such, it is critical to obtain time series observations of relevant biogeochemical reactions to understand the complex interactions between the carbon cycle, chemical weathering processes, and hydrological processes (Kirchner & Neal, 2013; Tipper et al., 2006; Torres et al., 2015; Voss et al., 2014) . In addition, accurate estimation of chemical weathering rates also depends on high temporal resolution of sampling and analysis (Moon et al., 2014; Zhong, Li, Tao, Ding, et al., 2017) .
Major ion compositions and the carbon isotope compositions of dissolved inorganic carbon (DIC; δ 13 C DIC )
reflect dominant biological and chemical weathering processes (Barth et al., 2003; Hélie et al., 2002; Jin et al., 2014) , which can be used to provide important information on carbon sources and chemical weathering in a catchment (Li et al., 2008 Marx et al., 2017; Telmer & Veizer, 1999; Zhong, Li, Tao, Yue, et al., 2017) . Waldron et al. (2007) found that climate variability could alter the carbon mixed source compositions by controlling physical and biological processes in catchments. For example, changes in stream flow induced by climate variability affect physical processes in a catchment, which subsequently alter DIC compositions (Waldron et al., 2007) . Carbon dynamics are highly affected by primary production, which is strongly moderated by temperature variability. Therefore, variations in climatic conditions may modify the relative carbon contributions from different potential sources (Liu & Xing, 2012; Marx et al., 2017) , and therefore, carbon dynamics in rivers are sensitive to climate variability (Bouillon et al., 2014; Waldron et al., 2007) . However, various biogeochemical processes underlying climate variability, especially behaviors of carbon, were insufficiently analyzed, and the effects of temperature and discharge on chemical weathering and carbon dynamics were poorly assessed.
The Xijiang River catchment in Southwest China is the world's largest Karst region with a typical monsoonal climate ( Figure 1a ). There have been several studies investigating chemical weathering processes in the region based on spatial and temporal sampling campaigns (Li et al., 2008; Sun et al., 2017; Xu & Liu, 2007 Zhang et al., 2014) , which analyzed water ion concentrations and carbon fluxes (Gao et al., 2009; , carbon dynamics in extreme precipitation events , and seasonal chemical weathering characteristics (Wei et al., 2013; Figure 1b) . Significantly strong spatial and temporal variations of major ions were observed in these studies, and extreme precipitation had proved to exert strong effects on water chemistry. However, the impacts of climate variability on CO 2 consumption and carbon dynamics remain unclear in this region. In this study, we combine these previous studies with new results to (1) investigate the temporal variations in major ion concentrations and δ 13 C DIC ,
(2) quantify the CO 2 consumption rates due to chemical weathering and analyze the effects of discharge change and temperature variability on CO 2 consumption fluxes, and (3) explore the control mechanisms of chemical weathering processes, biogeochemical processes, CO 2 consumption fluxes, and carbon dynamics under various climatic conditions for monsoonal rivers using samples collected at a high-frequency temporal resolution from the Xijiang River.
Materials and Methods

Study Area
The Yunnan-Guizhou Plateau is located in Southwest China in the center of the Southwest Asian Karst Region (Figure 1a) , which is the largest karst area in the world. The Xijiang River has its source in the Maxiong Mountain to the west of Yunnan-Guizhou Plateau and flows southeast through the karst region, finally draining into the South China Sea. With a total length of 2,075 km and a drainage area of 353,120 km 2 , the Xijiang River is the main tributary of the Zhujiang River (the second largest river in China in term of discharge), covering 77.8% of the whole drainage basin area and providing 63.9% of river discharge for the Zhujiang River.
The lithology of the upper Xijiang catchment is mainly carbonate ranging from Precambrian to Quaternary in age (Gao et al., 2009) . Specifically, the strata exposed in the upper middle parts of the Xijiang catchment are mainly Permian and Triassic carbonate rocks (e.g., limestones and dolomites) and coal-bearing formations. The coal-bearing deposits are generally rich in sulfides (Li et al., 2008) . Precambrian metamorphic rocks (e.g., schist and gneiss) and magmatic rocks (mainly granite) are dominant in the middle lower parts of the catchment. Jurassic detrital sedimentary rocks (mainly shales and red sandstones) are fragmentarily intercalated in the upper and middle areas (Liu, 2007) . Abundant mineral deposits are found in the Xijiang catchment, with rich nonferrous metal resources. In the low reaches of the catchment, there are scattered occurrences of unconsolidated sediments. Red soil, limestone red soil, and lateritic red soil are mostly distributed in the Xijiang catchment (Xu & Liu, 2010) . Minor evaporite deposits are scattered in the Xijiang catchment, and salt-bearing stratum has not been recorded in this area (Gao et al., 2009) . Vegetation covers also varied considerably across the catchment with higher vegetation density in the middle areas (Xu & Liu, 2010) .
Due to the Pacific Ocean and Indian Ocean monsoons, seasonal variations in air temperature and stream flow are highly correlated across the region (i.e., cold and dry weather in winter and warm and wet weather accompanied by frequent storms and typhoons in summer). Across the region, mean annual temperature ranges from 12 to 14°C, and mean annual precipitation varies from 1,000 to 2,000 mm/year with an average of 80% of precipitation occurring from April to September (Liu, 2007) . By the end of the year 2000, the average population density was about 170 persons per square kilometer in the whole catchment, with more than 300 persons per square kilometer in the source area (Xu & Liu, 2010) . Anthropogenic activities are well developed in the upper reach of the catchment, with many dams constructed in the upper reach. In this study, the sampling site was chosen at the Wuzhou hydrologic station (Figure 1 ). About 91% of the catchment area and 94% of the total discharge of the Xijiang River drain through the Wuzhou station.
Sampling and Analytical Methods
Water samples were collected monthly at the Wuzhou hydrological station from October 2013 to September 2014 (Table S1 in the supporting information and Figure 1) . Additional daily or weekly water samples were also collected during the high-flow season from June to September 2014, according to hydrological conditions. All samples were collected in the middle section of the river from a boat, thereby minimizing any influence from land-based pollution. Samples were first stored in high-density polyethylene container and then filtered through 0.45-μm Millipore nitrocellulose membrane filters within 24 hr of sampling. All containers were prewashed with hydrochloric acid and rinsed with Milli-Q water in the laboratory before they were used in the field. In addition, in situ water temperature (T), pH, and electrical conductivity (EC) were measured when the samples were collected.
Alkalinity was determined by titration with 0.02-M hydrochloric acid within 24 hr of sampling. For cation analysis, a filtered solution was first acidified to pH = 2 using HNO 3 and then stored in pre-acid washed tubes. Li et al. (2010) was adopted in this study: using 15-ml aliquots of the river water samples injected by syringes into glass bottles that were prefilled with 2-ml 85% phosphoric acid and magnetic stirrer bars. The CO 2 produced was then extracted in a vacuum line and transferred cryogenically into a glass tube for carbon isotopic measurements. The values of δ 13 C DIC were measured using a Finnigan MAT 252 mass spectrometer and were reported using the δ-notation relative to the Vienna Pee Dee Belemnite in permil, with an accuracy of 0.1‰. The pressure of dissolved CO 2 (pCO 2 ) in the water was calculated based on mass action relationships and the relative equilibrium constants (Clark & Fritz, 1997) .
Results
Characteristics of Water Chemistry
The hydrology of the Xijiang River is affected by precipitation, ice and snow melting, and regulation of reservoirs. For the Wuzhou hydrological station, precipitation is the dominant control especially during the highflow season (Fischer et al., 2013) . In 2013, river discharge was low in October and separately peaked twice in the middle of November and December. Discharge then dropped quickly and stabilized at a minimum value until the high-flow season came with high but fluctuating discharge ( Figure S1 ), corresponding to variable high precipitation in the high-flow season.
The river water is mildly alkaline during the whole hydrological year, with pH values from 7.3 to 7.9, so HCO 3 À is the main inorganic carbon species in riverine water (Clark & Fritz, 1997) . As the dominant carbon species, DIC can be represented by HCO 3 À in the karst catchment (Cai et al., 2008; Hélie et al., 2002) . The total dissolved solutes vary from 110 to 227 mg/L, with a discharge-weighted average (∑C × Q/∑Q) of 160.1 mg/L, where C represents the concentration of various dissolved solutes and Q is the instantaneous discharge. It is about twice the global discharge-weighted average (i.e., 97 mg/L; Li & Bush, 2015) but much lower than that of the Wujiang River in the karst area in Southwest China (i.e., 265 mg/L; Zhong, Li, Tao, Yue, et al., 2017) . The total cationic charge (TZ + = Na + + K + + 2Ca 2+ + 2Mg 2+ ) varies from 1,401 to 3,138 μeq, which is about 1-3 times the average value of global large rivers (i.e., 1,250 μeq; Meybeck (1979) 
) provides quantitative information on the degree of inorganic charge imbalance, generally representing less than ±5% in this study. As shown in Figure S1 , most of the major ions show significant temporal variations during the study period. In general, the concentrations of most major ions decreased considerably in the early stage of high-flow season (June and early July 2014) and then gradually recovered during the late stage of high-flow season (late July and August 2014). Ca
2+
and HCO 3 À show relative more stable trends than other ions, and NO 3 À , which is highly affected by biological processes (e.g., nitrification and denitrification), shows no clear temporal variation pattern (Figures S1a, S1f, and S1i). ( Figure S1j ), which is lower than À11.1‰ to À2.4‰ recorded in the Beipan River (Li et al., 2008) and the Guiping station, at the mainstream of the Xijiang River, with a range of À13‰ to À6.6‰ (Wei et al., 2013 ; Figure 1 ).
Temporal Variations in DIC and
Discussions 4.1. Solute Concentration and Discharge Relationships (C-Q)
Previous studies have shown that concentrations of dissolved solutes in rivers in Southwest China, where monsoonal climates are prevalent, were highly related to changes in discharge Wei et al., 2013; Zhong, Li, Tao, Ding, et al., 2017) . Similarly, water chemistry in the Xijiang River also reflects large seasonal variations in response to changes in river discharge ( Figure 2 ). It is clear that concentrations of most ions are negatively correlated with river discharge. Higher concentrations are observed in the low-flow conditions due to the longer transit time of water within the catchment, while lower concentrations occur in the high-flow conditions with shorter transit time. The lower concentrations of these ions could be attributed to the dilution effect, which is consistent with the pattern of dissolved ion content variation with increasing discharge in humid subtropical rivers (Mortatti & Probst, 2003; Rai et al., 2010) . Tipper et al. (2006) demonstrated that a modest dilution effect occurred when discharge exceeded base flow, because of the kinetic-limited weathering behavior of most dissolved solutes. In addition, the interaction of river water with the solid phase is another factor impacting water chemistry, and input of ion-rich soil water can trigger rock weathering processes (Clow & Mast, 2010; Covington et al., 2015; Hunsaker & Johnson, 2017; Maher & Chamberlain, 2014; Ran et al., 2013; Torres et al., 2015) . Overall, the temporal patterns observed in the Xijiang River indicate that the major factors influencing the seasonal variations in major cations are the various chemical weathering rates and underlying biogeochemical processes under various climatic conditions. In addition, the seasonal variations in NO 3 À concentrations are greatly different from the seasonal patterns of other ions, with no significant dilution effect during the high-flow season ( Figure S1 ), which is likely due to anthropogenic inputs and multiple biogeochemical processes as discussed below.
It should be noted that the response to river discharge change varies among the major ions as shown in Figure 2 . The maximum Ca 2+ and HCO 3 À concentrations are twice as high as their minimum concentrations.
By comparison, the maximum Na + and Cl À concentrations are about 4 times higher than the minimum concentrations during the same study period. The concentrations of dissolved solutes are negatively correlated with river discharge, which can be expressed using a power function (Clow & Mast, 2010; Godsey et al., 2009 ):
where a is a constant and b indicates the deviation from dilution effect. Chemostatic behavior is introduced to represent phenomenon of the concentrations behaving stable relative to changes in discharge (Clow & ). The theoretical dilution curve means that these elements are diluted by deionized water (b = À1), and the rainwater dilution curve means that these elements are diluted by rainwater in the catchment, which is accorded to Zhang et al. (2012) .
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Journal of Geophysical Research: Biogeosciences Mast, 2010) . If b = 0, the solute behaves entirely chemostatically; whereas if b = À1, Q is the only control on C, and constant solute fluxes are diluted by variable fluxes of water (Zhong, Li, Tao, Ding, et al., 2017) . If À1 < b < 0, both dilution and chemostatic behavior affect the solute concentrations. When b > 0, the dilution effect does not occur due to exogenous inputs brought by high discharge. Except for NO 3 À , power law negative relationships between major ion concentrations and river discharge are found for the Xijiang River ( Figure 2 ).
As shown in Figure 2 , the differences in the C-Q relationships indicate that different biogeochemical processes may have affected the behavior of various elements. affected by anthropogenic inputs, precipitation, pyrite oxidation, and reduction of sulfate (Li et al., 2008) , with pyrite oxidation being the main source of sulfate (Liu, 2007) . The concentration of NO 3 À has no significant relation with river discharge (Figure 2e ), which is likely because exogenous anthropogenic sources and relevant biogeochemical processes (e.g., nitrification and microbial activities) counteract the dilution effect. Thompson et al. (2011) defined the following ratio between the coefficients of variation of concentration and discharge to provide an alternative parametric measure of chemostatic response:
where the coefficient of variation (CV) is the standard deviation (σ) of a variable normalized by its mean (μ). Incorporating equation (1), the CV ratio approximates the ratio of the standard deviations of C and Q. When no chemostatic response (dilution effect) exists, the value of b should be À1, resulting in CV C /CV Q = 1, which represents theoretical dilution by deionized water. Chemostatic behavior can then be considered as a special case, where the variability in concentration is highly buffered compared to the null hypothesis, that is, CV C / CV Q < <1 and b is close to 0. When concentration increases with discharge, flushing occurs, with b > 0. Meanwhile, in the case of CV C /CV Q > 1, the dissolved solutes show enrichment characteristics. Chemodynamic is a Q-independent status in which, despite a near-zero exponent b, the ratio of CV C /CV Q is high (Musolff et al., 2017 (Musolff et al., , 2015 and indicates that although dissolved solute concentrations are highly dynamic, the C-Q relation is ambiguous.
Based on temporal variations in riverine ions, an export regime classification plot b versus CV C /CV Q was proposed to classify elements in rivers (Musolff et al., 2015) . There are significant differences in the plot of b versus CV C /CV Q for various elements and catchments, which can reflect the sources and sinks of dissolved solutes and catchment-scale processes (Musolff et al., 2017 (Musolff et al., , 2015 (Figure 3 ). All of these ions are geologic solutes, which (Musolff et al., 2015) . TSS = total suspended sediment; POC = particulate organic carbon; DOC = dissolved organic carbon.
Journal of Geophysical Research: Biogeosciences are mainly derived from mineral weathering (Thompson et al., 2011) . Carbonate weathering is the main source of HCO 3 À , Ca 2+ , and Mg 2+ , and the concentrations of these ions are highly controlled by the equilibrium of carbonate dissolution and precipitation, with SI Calcite index being unsaturated and saturated (Tipper et al., 2006; Zhong, Li, Tao, Ding, et al., 2017; Zhong, Li, Tao, Yue, et al., 2017) . Therefore, these ions show near entirely chemostatic behavior, with near-zero b values and low CV C /CV Q ratios. Dissolved Si also shows strong chemostatic behavior (Figure 3 ), which can be ascribed to the equilibrium with respect to secondary silicate mineral and the retention and release of Si in the reservoir (Humborg et al., 1997; Maher & Chamberlain, 2014; Zhong, Li, Tao, Yue, et al., 2017) . Na + mainly originates from silicate weathering (Gao et al., 2009 ) and shows more negative b values and higher CV C /CV Q ratios than other ions (Figure 3) , which can be ascribed to the relatively stable main source of silicate weathering (Gao et al., 2009 ). K + also mainly comes from silicate weathering but is highly affected by cation exchange with the soil (Boy et al., 2008; Torres et al., 2015) . Therefore, K + does not exhibit the same significant dilution effect observed for Na + , especially showing chemodynamic behavior in extreme climate events (Gao et al., 2009) . SO 4 2À and Cl À show the dilution effect and chemodynamic behavior relative to Na + , which can be attributed to the stable atmospheric and geologic sources, as well as anthropogenic inputs of these ions. The atmospheric and geologic sources would display a dilution effect, while the exogenous inputs counteract the dilution effect. The high CV C /CV Q ratio and near-zero b value for NO 3 À are caused by anthropogenic inputs, nitrification, and denitrification processes, which is different from the study in the Bode River catchment (Musolff et al., 2015) . The total suspended sediment (TSS) and particulate organic carbon (POC) of extreme flood events in the Xijiang River display enrichment behavior (Figure 3 ), indicating that large amounts of soil (including organic carbon) are flushed into the river during flood events. All these observed plots of b versus CV C /CV Q ratio patterns can be explained by solute sources, the mineral dissolution kinetics, and the relative biogeochemical processes (Musolff et al., 2017) .
The Impacts of Climate Variability on Chemical Weathering
Dissolved loads in rivers mainly originate from chemical weathering of various rocks and atmospheric and anthropogenic inputs (Gaillardet et al., 1999; Xu & Liu, 2007) . The sum of Ca 2+ and HCO 3 À accounts for approximately 70% of the total ions in the Xijiang River, suggesting that carbonate weathering is the dominant contributor of major ions in the river. These results are consistent with previous studies of the Xijiang River (Gao et al., 2009; Wei et al., 2013; Xu & Liu, 2007; Zhang et al., 2007) , and silicate weathering is the main source of Na + (Gao et al., 2009 ) than silicate weathering (indicated by Na + ). Carbonate weathering is dominant in the Xijiang River, especially in the Beipan River (Figure 4a ). For SO 4 2À atmospheric input cannot be neglected, with rainwater having higher SO 4 2À /Na + ratios (averaged at 4.9) relative to the river water (Table S2) . SO 4 2À /Na + and Ca
2+
/Na + ratios in the river water are much lower than the lines of carbonate weathering by H 2 SO 4 and gypsum dissolution (Figure 4b ), especially, under high-flow conditions. H 2 SO 4 is a critical agent in carbonate weathering in Southwest China (Li et al., 2008; Xu & Liu, 2007) which can be mainly produced naturally through the oxidation of pyrite (Li et al., 2008; Liu, 2007; Xu & Liu, 2010) . SO 4 2À /Na + and Ca 2+ /Na + ratios are similar to other studies in the Xijiang catchment (Gao et al., 2009; Sun et al., 2017; Wang et al., 2015; Wei et al., 2013; Xu & Liu, 2007 and overlap the range throughout the world (Figure 4b ). However, the Xijiang River is more highly affected by carbonate weathering and by the action of H 2 SO 4 than most rivers in the world (Figure 4b ).
Based on forward methods described in the supporting information (Rai et al., 2010) , the sources of major ions can be identified, and the CO 2 consumption fluxes (FCO 2 ) can be estimated (supporting information).
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We use an improved index relative to the measured discharge and temperature to quantify the temporal discharge dynamics and water temperature dynamics. The discharge and water temperature are normalized using the following equations:
where Q i and T i are the respective discharge rate and instantaneous water temperature at time i, Q max and T max are the respective maximum discharge rate and water temperature of all available records, and Q min and T min are the respective minimum discharge rate and water temperature of all available records. (Figure 5a ), and TZ + Sil has a stronger dilution effect and higher sensitivity to changes in river discharge than TZ + Carb ( Figure S2 ). Concentrations of carbonate weathering products show relatively little variations with discharge change, possibly due to higher mineral dissolution rates (Calmels et al., 2011; Tipper et al., 2006;  
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Journal of Geophysical Research: Biogeosciences Zhong, Li, Tao, Yue, et al., 2017) . Similar behavior was observed in climatically diverse global rivers (Calmels et al., 2011; Moon et al., 2014; Tipper et al., 2006) . This suggests that dissolved solutes in rivers with high discharge and short residence time may have higher contributions from carbonate weathering (Moon et al., 2014) . It has long been recognized that temperature is an important parameter, affecting chemical weathering (Gaillardet et al., 1999; Goudie & Viles, 2012; Li et al., 2016; Raymond, 2017) . However, it is not easy to demonstrate the dependence of chemical weathering on temperature, because of its codependence with other factors that also affect weathering, such as evaporation, precipitation, and land cover (Goudie & Viles, 2012) . TZ + Carb /TZ + Sil ratios have a positive relationship with normalized temperature (Figure 5b ). TZ + Carb is more sensitive to temperature variability than TZ + Sil , which could be attributed to the faster dissolution kinetics of carbonate allowing a higher proportion of carbonate dissolution with increasing temperature (Tipper et al., 2006) .
CO 2 Consumption Fluxes
The covariation between dissolved solute concentration and discharge induces large uncertainties in estimating annual CO 2 consumption rates (RCO 2 ) (Moon et al., 2014) . Time series sampling and analyses were used in this study to reduce the estimation uncertainty. RCO 2 was calculated using the USGS LoadEst program (Runkel et al., 2004) , with data files processed by the LoadRunner program (Booth et al., 2007) . Based on Akaike Information Criterion (Booth et al., 2007) , we selected the following model to estimate the CO 2 consumption rates in Xijiang River.
where Load = constituent fluxes (kg/d), lnQ = ln (Q) À center of ln (Q), and dtime = decimal time À center of decimal time. The LoadEst program performs calibration procedures and estimates fluxes using the adjusted maximum likelihood estimation algorithm. (Gaillardet et al., 1999) . The calculated [RCO 2 ] Carb of the Xijiang River in our study is similar to the values reported by Gaillardet et al. (1999) and Xu and Liu (2010) but much lower than that from Gao et al. (2009) and . The calculated [RCO 2 ] Sil is also similar to Xu and Liu (2010) but much lower than that from Gao et al. (2009) and and higher than that from Gaillardet et al. (1999;  (Figure 6 ) but actually much lower than other rivers in Southwest China (Figure 6 ). On a global basis, rivers with large Figure 6 . The relationship between total [ФCO 2 ] and discharge for global rivers. The global [ФCO 2 ] data were from Gaillardet et al. (1999) ; the data of Nanpanjiang, Beipanjiang, and Wujiang were from Xu and Liu (2007) . The dashed lines represent the CO 2 consumption capacity, which is defined as total [ФCO 2 ]/Discharge.
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Journal of Geophysical Research: Biogeosciences drainage areas extent usually have lower total [ФCO 2 ] and higher CO 2 consumption capacity generally than rivers with low discharge and small drainage areas. The Xijiang River exhibited a higher CO 2 consumption capacity than the global average; however, the Beipan, Nanpan, and Wujiang Rivers, which are also located in the karst area of Southwest China, showed much higher CO 2 consumption capacities ( Figure 6 ). As the upper stream tributaries of the Xijiang River, the Beipan and Nanpan Rivers showed high CO 2 consumption capacities ( Figure 6 ). For comparison, the Amazon River which has the world's highest discharge and largest area also shows the lowest CO 2 consumption capacity ( Figure 6 ). In general, rivers with higher discharge and larger areas usually have lower CO 2 consumption capacity. When the transit time in the weathering environment is much longer than the reaction time, mineral weathering is controlled by transport limitation (West et al., 2005) . In contrast, reaction limitation is the main controller on chemical weathering (West et al., 2005) . Chemical weathering capacity is a direct index to represent the controls on chemical weathering. 
Carbon Dynamics and the Controlling Factors
Total carbon (TC), DIC, POC, and dissolved organic carbon (DOC) fluxes show increasing trends with increasing discharge ( Figure S4 ). While fluxes of TC, DIC, and DOC show positive linear relationships with discharge ( Figures S4a, S4b , and S4d), the POC flux follows a positive power law relationship with increasing discharge with b > 1 (Figure S4c ), accounting for the high POC content induced by high discharge . TC flux is dominated by DIC flux (ranging from 80.7% to 89.3%) in the Xijiang River. Therefore, the DIC dynamics in the Xijiang River are critical to investigating the carbon cycle in the Xijiang catchment.
Although DIC concentrations show strong chemostatic behavior in response to discharge change (Figure 3) , temporal DIC dynamics and compositions are affected by variability in discharge (Liu & Xing, 2012; Waldron et al., 2007; Zhong, Li, Tao, Yue, et al., 2017 ). δ 13 C DIC is a particularly useful tool for investigating the underlying fluvial carbon biogeochemical processes under various discharge changes, and the δ
13
C DIC values can be related to changes in carbon sources (Liu & Xing, 2012; Waldron et al., 2007) , which can increase the uncertainties of source discrimination (Marx et al., 2017) . Waldron et al. (2007) found that δ 13 C DIC respond more sensitively than DIC concentration to discharge change. The fluvial DIC dynamics reflect the changing mixture of compositionally distinct pools whose contributions have altered DIC composition Liu & Xing, 2012; Waldron et al., 2007; Zhong, Li, Tao, Yue, et al., 2017) . The mixing of end-members is not compositionally constant, and both biological and physical processes alter the mixed source composition (Waldron et al., 2007) . Therefore, high-temporal resolution δ 13 C DIC data were analyzed to approximate source mixing and relevant biogeochemical processes. Figure S1 shows that lower δ 13 C DIC values occur in the highflow season, while higher δ 13 C DIC values occur in the low-flow season, as more soil-derived water contributes to the discharge in response to heavy precipitation in the high-flow season (Waldron et al., 2007) . These observations agree with previous studies (Hélie et al., 2002; Li et al., 2010; Liu & Xing, 2012; Waldron et al., 2007; Wei et al., 2013; Zhong, Li, Tao, Yue, et al., 2017) .
A negative linear relationship between δ 13 C DIC and normalized discharge is observed (Figure 7a) , showing that lower δ
C DIC values are associated with high discharge conditions. Slow subsurface flow paths with 
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Journal of Geophysical Research: Biogeosciences longer transit times would switch to rapid near-surface flow paths with shorter transit times, as discharge increases (Calmels et al., 2011; Tipper et al., 2006; Torres et al., 2015) . Large amounts of δ 13 C-depleted carbon are stored in the epikarst waters , which are released by high discharge. Meanwhile, high soil CO 2 content would be released by high discharge and then flush into the river. The higher contribution of δ 13 C-depleted soil CO 2 into the river induced by high discharge would shift δ 13 C DIC to more negative values. There is a significant negative relationship between δ 13 C DIC and normalized temperature for the water collected in the Xijiang River (Figure 7b ). With increasing temperature, plant cover is relatively high, plant production increases in the catchment, bacterial activity is strong, and the decomposition of soil organic materials also increases (Liu & Xing, 2012) . In contrast, at low temperatures the plant cover is reduced, and bacteria activity is weakened (Liu & Xing, 2012) . Therefore, the productivity of soil CO 2 increases with high temperatures, accounting for the high soil CO 2 contribution to the riverine water.
ΔDIC is defined as the difference between measured DIC value and the theoretical DIC value (from the theoretical dilution curve), predicted for exogenous sources:
DIC shows strong chemostatic behavior in response to discharge change, indicating that high contents of exogenous DIC are flushed into the river when discharge increases. A positive relationship exists between ΔDIC and normalized temperature, showing that temperature plays an important role in controlling exogenous DIC inputs. A negative relationship between δ 13 C DIC and ΔDIC is observed for the water collected in the Xijiang River (Figure 8b ), indicating that the input of δ 13 C-depleted exogenous DIC plays an important role in shaping DIC concentrations. The intense precipitation in Southwest China is always accompanied by high temperatures, prompting to the high-flow season. Therefore, high river discharge in the summer could flush away lower δ 13 C DIC water stored in soil matrix porosity to the river . The monitoring of soil CO 2
in Southwest China has shown that soil CO 2 was higher than 3 × 10 5 ppm in summer and higher than 4 × 10 3 ppm in winter (Liu, 2007) . The dissolution of soil CO 2 with negative δ
13
C values during the high-flow season is the major factor affecting δ 13 C DIC values in the Xijiang River. In addition, abundant terrestrial organic matter is also transported into the river by physical processes during high river discharge (Gao et al., 2009 ). On the other hand, large amounts of organic materials are mineralized to DIC after several days of incubation at ambient river temperature (Ward et al., 2013) . Therefore, the degradation of organic matter in rivers could be another factor that influences the δ 13 C DIC values. CO 2 degassing occurs along the rivers (Raymond et al., 2013) , which would shift lower DIC concentrations and δ 13 C-riched values. The water travel time in river channel is long in low-flow season, which would lead to higher δ 13 C DIC and lower DIC concentrations. However, the effect of CO 2 degassing on carbon temporal variations is not as significant as the effects of mineral weathering and biological CO 2 influx. Overall, mineral weathering, soil CO 2 influx, and degradation of organic matter in the river are responsible for the carbon temporal dynamics in the Xijiang River. It has long been accepted that climate variability is expected to play a crucial role in the global carbon cycling (Calmels et al., 2011; Clow & Mast, 2010; Goudie & Viles, 2012; Liu & Xing, 2012; Tipper et al., 2006; Zhong, Li, Tao, Yue, et al., 2017) . The feedback of climate variability on carbon cycling is complex and needs to be further 
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Journal of Geophysical Research: Biogeosciences investigated. As discussed above, both high discharge and high temperatures lead to an acceleration of chemical weathering and DIC fluxes (F DIC = DIC concentration × discharge). High temperatures will enhance the primary mineral dissolution by increasing chemical weathering reactions. High discharge will transport the chemical weathering materials and enhance the available mineral-water reaction surface; the transit time is much shorter than the reaction time (West et al., 2005) . For the low-flow season, the discharge change is low and the temperature variability is high (except during extreme climate events, such as occasional high precipitation); [FCO 2 ] (Eq. S4 & S5) and F DIC are more sensitive to temperature variability than discharge change (Figure 9 ). However, the discharge change is high, and the temperature varies in a narrow range, so the effects of discharge change could conceal any temperature dependence, so that discharge change has a much higher impact on [FCO 2 ] and F DIC in the high-flow conditions (Figure 9 ). On the whole, although both discharge and temperature shape [FCO 2 ] and F DIC , because of the high discharge change and low temperature variability, discharge change always plays a more significant role on [FCO 2 ] and F DIC than temperature variability.
Conclusions
This study provides insights on the effects of climate variability on CO 2 consumption fluxes and carbon dynamics in monsoonal rivers, based on high-frequency variations in dissolved solutes and δ 13 C DIC values of riverine water in a hydrological year.
The dissolved solutes show significant temporal variations during the entire hydrological year. The concentrations of most elements decrease with increasing river discharge due to the dilution effect. However, they do not behave similar and do not follow the dilution curve closely, because of ions exchange, mineral dissolution/precipitation, and biological processes. Carbonate is widely distributed in the catchment, and carbonate weathering acts as the major source for dissolved solutes. Ions from carbonate weathering showed stronger chemostatic behavior to discharge change than silicate weathering, which can be attributed to the rapid dissolution and precipitation characteristics of carbonate minerals. Due to the strong biological reaction in the catchment, NO 3 À showed significant chemodynamic behavior. CO 2 consumption fluxes increase with increasing river discharge, due to the increased available reaction surface. Based on the LoadEst program, the annual CO 2 consumption rates are calculated to be (6.8 ± 0.2) × 10 6 ton/year and (2.4 ± 0.3) × 10 6 ton/year for carbonate weathering and silicate weathering, respectively. The annual CO 2 consumption rates in the Xijiang River only accounted for a small fraction in the global CO 2 consumption rates, while the CO 2 consumption capacity was much higher than the global average.
Primary production in the catchment is increased when the temperature is high, and large amounts of organic materials are produced. Meanwhile, the degradation of organic materials is increased at moderate temperature. Slow subsurface flow paths with longer transit times switch to rapid near-surface flow paths with shorter transit times, as discharge increases. Although high discharge dilutes the carbon concentration, large amounts of δ 13 C-depleted soil carbon are flushed into the river in the high-flow season.
The transport of mineral weathering materials, influx of δ 13 C-depleted soil CO 2 , and degradation of organic matter in rivers are the main factors controlling the carbon dynamics. The CO 2 consumption fluxes and F DIC are affected by both discharge change and temperature variability. The discharge change is low, and the temperature variability is high in the low-flow season. Therefore, the CO 2 consumption fluxes and F DIC are highly affected by reaction control in the low-flow season. The discharge change is large, and the water temperature was constant in the high-flow season. So transport control is the main driver of CO 2 consumption fluxes and F DIC . We suggest that the sensitivity of CO 2 consumption fluxes and carbon dynamics to climate variability is significant in monsoonal rivers. More attentions should be concentrated on distinguishing the contributions of discharge change and temperature variability on CO 2 consumption fluxes and carbon dynamics in future studies.
